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I. INTRODUCTION 


One of the common theoretical strategies used to investigate the electronic transport in 
the solid state systems, and in particular in the nanostructures, is based on the calculations 
of the response to an external perturbation due to the electromagnetic held or temper¬ 
ature. Within the framework of the linear response theory, the reaction of the electron 
system is described by the relevant kinetic coefficients. For this reason, the studies of the 
magnetotransport properties of the nanowires and other nanostructures can be based on 
the analysis of the electron response to a suitably oriented magnetic held in terms of the 
magnetoresistance (MR), which is defined as the relative change of the resistance due to 
the applied magnetic held. The importance of this phenomenon results in the numerous 
practical applications, which include hard disks, memories, and various sensors. 

It is worth recalling that the semiclassical theory of the galvanomagnetic phenomena 
predicts the positive MR with the Independence for the weak magnetic held R, and sat¬ 
uration of MR for the strong magnetic held. 1-3 A certain deviation from the semiclassical 
theory has been found experimentally in a number of different systems. For example, the 
quasi-linear R-dependence of MR is observed in the limit of the high magnetic held in the 
bulk /r-type InSb at liquid-nitrogen temperature, 4,5 and a similar dependence of MR on the 
magnetic held is observed in silver chalcogenides. 6 The explanation of the non-saturating 
properties of MR can be based on the large spatial fluctuations in the conductivity of the 
narrow-gap semiconductors, due to the inhomogeneous distribution of silver ions. 7,8 It has 
been also shown that the large positive MR is induced by the quasi-neutrality breaking of 
the space-charge effect in Si. 9 The large positive MR has been also reported by Schoonus et 
al. in Boron-doped Si-Si0 2 -Al structures. 10 

Some of the available experimental data show that MR can be negative. In the disordered 
systems it can be explained by the weak localization theory, which predicts the negative MR 
with the \/R-dependence. 11-13 Moreover, in the disordered systems, the sign of MR can be 
affected by the spin-orbit interaction. 14-17 Nevertheless, in organic semiconductor devices the 
transition between positive and negative MR due to the applied voltage and temperature 
has been observed, 18,19 but the microscopic origin of this effect is still unclear. In Ref. 20, 
it has been shown that MR can be changed from positive to negative by adjusting the 
dissociation and charge reaction in excited states by changing the bipolar charge injection 
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in the organic LED. A similar change of MR sign is possible in the bilayer graphene, where 
the gate voltage induces switching from the negative to the positive MR. 21 The mechanism 
responsible for the switching is related to the strong contribution from the magnetic-field 
modulated density of states together with the weak localization effects. Such mechanisms 
are also responsible for the transition from the positive to the negative MR in the double- 
walled carbon nanotubes, 22 although Roche and Salto demonstrate that MR in such carbon 
nanotubes can be either positive or negative, depending on the chemical potential and the 
orientation of the magnetic field with respect to the nanotube axis. 23 All these examples 
prove that predicting the sign of MR and its field-dependence in the nanostructures is a 
nontrivial task. 

The nanowires made of InSb are very interesting nanosystems for investigations of mod¬ 
ern concepts in nanoelectronics, and spintronics in particular. For example, in the presence 
of the magnetic field, the phase coherent transport is observed in InSb nanowires at low 
temperatures. 24 Besides, the quantization of the conductance in the nanosystems has been 
experimentally confirmed more recently, 25 although this quantum effect in the 3 D nanowires 
has been predicted much earlier. 26-28 The quantization of the conductance is difficult to ob¬ 
serve in the real nanowires due to the presence of structural and substitutional disorder, and 
because of the boundary roughness. 25 This stems from the fact that scattering of conduction 
electrons on impurities or on structural imperfections results in the change of momentum 
(the momentum relaxation), which leads to smearing of the step-like form of the electric 
conductance. 

In this paper, we study the influence of the spin degree of freedom on the magnetotrans¬ 
port properties of the three-dimensional InSb nanowire with a constriction placed at the 
half-length of the nanowire, and in the presence of the magnetic field directed along the axis 
of the nanowire. Utilization of the MR effect in the nanowires, which can possibly replace 
devices of larger extents, may be seen as an opportunity to enable high sensitivity, while 
the small power consumption is ensured. Recent studies on nonmagnetic III-V nanowires 
suggest such possibility for future high-density magneto-electric devices, compatible with 
commercial silicon technology. 29 The available experimental reports show that the change 
of MR sign can be related to the applied gate voltage in a number of different materials, 
including organic semiconductors 18 and carbon nanotubes 22 . Electric control of MR, both 
its sign and magnitude, was also reported in the case of InP nanowires. 30 Our calculations 
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show that this effect can be also induced by the presence of the constriction in the nanowire. 

The paper is organized as follows. In Sec. II, we present the three-dimensional model of 
the semiconductor nanowire with the geometric constriction, and introduce the theoretical 
method used to investigate the magnetotransport properties of this nanostructure in the 
coherent regime of the electronic transport. Sec. Ill contains the results of calculations and 
their discussion, and Sec. IV - the conclusions. 


II. THEORY 


We consider the InSb nanowire grown in [111] direction, and with a constriction in the 
middle of its length, as presented schematically in Fig. 1(a). The nanowire is modeled 
as a cylindrical rod, which has a negligible effect on the electronic transport because we 
concentrate on the geometric and material parameters, for which only the ground transverse 
state plays a role. 31 

Within the effective mass approximation, the 2x2 conduction band Hamiltonian has the 
form 


n 



V cori j(r) -|“ eFz 


1 + Hz + Hd + Hr. 


( 1 ) 


The kinetic momentum is defined by 7r = p + eA(r), where p is the electron momentum 
operator, and A(r) is the vector potential, m* is the conduction-band mass of the electron, 
e is the elementary charge, F is an external electric held applied along the z-axis, U con f( r) is 
the confinement potential energy, and 1 is the 2x2 unit matrix. The spin Zeeman splitting 
term Hz is given by 

H z = g*^B& ■ d-, (2) 


where /is is the Bohr magneton, g* is the scalar electron effective Lande factor, & is the 
vector of the Pauli matrices. For the magnetic held directed along the nanowire axis, B = 
(0, 0, B ), the vector potential can be chosen in the symmetric form A(r) = (B x r)/2. Since 
the nanowire which is considered within this model is grown in the [111] direction, the 
Dressclhaus spin-orbit interaction is absent for momentum along the nanowire (also for the 
[100] nanowires, this type of the spin-orbit interaction is weak, and Hd can be neglected). 32 
The last term in r.h.s. of Eq. (1) represents the Rashba interaction of the electron’s spin 
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with an electric field, 


33 


'Hr = —F • (<T X 7r) 


h 


(3) 


The Rashba parameter a which measures the strength of the interaction can be given in 

terms of the energy band gap E g and the spin-orbital splitting A so, as follows, 34 

n — 7Te ^ 2 Aso(2E g + Aso) 

m* E g (E g + Ago)(3E g + 2Ago) 

Since the electric field due to the source-drain voltage is directed along the axis of the 
nanowire, F = (0,0,F), the Rashba Hamiltonian can be written as 


~ OiF 

nj — 

n 


0 


7Ty Z 7i~x 


'Ky T ^ x 

0 


(5) 


where tt x = p x — eyB /2 and n y = p y — exB/ 2. For the present calculations of the magne¬ 
totransport characteristics of the considered nanosystems, we assume that both ends of the 
nanowire are attached through the perfect contacts to the reflectionless reservoirs of elec¬ 
trons (source and drain). We also assume that only a small source-drain voltage is applied. 
Besides the fact that within the limits of the linear response theory the conductance in such 
case does not depend on the applied voltage, it also means that only low electric fields are 
present in the nanowire, and the change of the potential profile can be neglected as well as 
the Rashba term. However, we include in our calculations the effect of the intrinsic spin- 
orbit interaction which stems from the band structure by an appropriate renormalization of 
the electron Lande factor according to the second-order of the k • p perturbation theory 35 . 

The rotational symmetry of the cylindrical nanowire allows us to split U con f{r) into lon¬ 
gitudinal U\\(z) and lateral U±(x,y;z ) terms, 


Ucmf(x, y, z) = U±(x,y i z) + Uf (z) . 


( 6 ) 


The longitudinal confinement potential energy is determined by the position-dependent 
energy of the conduction-band bottom: Un(z) = E c (z), whereas the lateral confinement 
potential energy is taken in the form of the finite potential well: U±(x,y;z ) = Uq for 
x 2 (z ) +y 2 (z ) > r 2 (z ) and U±(x, y; z) = 0 elsewhere, where r(z) is the radius of the nanowire 
at the coordinate z, and Uq is the height of the potential energy barrier. In the present 

calculations, we assume that the radius of the constriction is given by the formula 

f / \ 2l 


r(z) = r o - (r 0 - r c ) exp 


zo 


LJ 2 


(7) 


5 




(b) 


r=20nm 
r=15nm -- 


(c) 


B=0 - 
B=6T • 



FIG. 1. (a) Schematic of the nanowire with a single constriction. L is the length of the nanowire, 
the region of constriction has length L c , and ro is the radius of the nanowire outside the con¬ 
striction. (b) Dependence of the transverse eigenenergy Eq on the magnetic field at two distinct 
z-coordinates, at which the radius of the nanowire is equal to 20 nm (solid lines) or 15 nm (dashed 
lines); r is the radius of the nanowire at z. (c) Same as (b), but as a function of the radius of the 
cross-section, at B = 0 and B = 6 T. 


where L c = 60 nm is the length of the constriction region [cf. Fig. 1(a)], £ 0 = 100 nm is the 
position of its center (measured with respect to the source, for which z = 0), the nanowire 
has length L = 200 nm, ro = 20 nm is the radius of the nanowire outside the constriction 
region, and r c is the radius of the nanowire in the middle of the constriction. Since for 
the values of r c less then ~5 nm the band structure strongly depends on the geometric 
parameters of the nanosystems, 36,37 and thus the effective mass approximation is no longer 
valid, we limit our calculations to r c > 10 nm. 

One of the consequences of the dependence (7) is the formula for the energy band gap in 
the nanowire: 38 

E nano = pjbulk + ^ (g) 


6 











where a is an adjustable parameter, and S is the surface area to volume ratio (SVR). For 
the cylindrical nanowire SVR is a decreasing function of the aspect ratio parameter 2 r(z)/L. 
Therefore, for the geometric parameters assumed in this paper, the energy band gap in the 
region of the constriction changes its value by about 30% with the change of the radius for 
the fixed value of the bulk energy gap. This shows that the presence of the constriction in 
the cylindrical nanowire leads to the modification of the electronic properties, which in turn 
affects the spin transport. 

When all the assumptions described above are taken into consideration, the Hamiltonian 
takes on a simplified form, and the Pauli equation can be written as 


Ho + g*n B B - E 0 ^ t (r) _ 0 

0 Uq - g*id B B - E Vh(r) 0 

where E is the eigenenergy and t/b-( r ) is the a component of the spinor [a —i (J,)]. The 
Hamiltonian 7% i ias the form 

Ho = + -cu c L z + -m*uj 2 (x 2 + y 2 ) + U±(x, y, z ) + E c (z), (10) 


with the cyclotron frequency oj c = eB/m*, and the 2 -th component of the angular momen¬ 
tum operator L z = xp y — yp x . In our calculations, the energy is measured with respect to the 
conduction-band bottom, i.e., for the considered nanowire, which is made of homogeneous 
material, we put E c (z) = 0. 

The diagonal form of the matrix equation (9) is particularly useful for the calculations 
because it allows us to expand each of the spinor components in the basis of the transverse 
quantum states Xn(x,y, z) for each z, 


*l>tr(x, y,z) = Y_] 0<rn{z)Xn(x, V] z) . (11) 

n 

The coefficients 4> an (z) of the linear combination represent the longitudinal part of the 
component ^ a (x,y,z) of the spinor. The quasi-separablc form of i^ a (x, y, z) allows us to 
find the transverse quantum states Xn(x,y;z ) and the corresponding transverse energies 
E^(B;z) by solving for each fixed z the two-dimensional Schrodinger equation 


'Ho Xn(x,y,z) = E^(B]z)xn(x,y,z) 


with the Hamiltonian TL^ given by 


Hi = 


+ Ph + p c L z + ^m*u 2 (x 2 + y 2 ) + U ± (x,y;z) 
2m* 2 8 
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The boundary conditions are assumed in the form hin^^oo Xn(x, y; z ) = 0. We solve Eq. (12) 
by means of the variational method using the approach discussed in more detail in Ref. 31. 


Since the constant value of the spin Zeeman splitting term is not appropriate for the 
description of spin-dependent transport phenomena in the nanosystems, an attempt to grasp 
this issue was made within the k • p approach. The energy-gap dependent effective mass is 
given by the relation 39 


1 

m* 


1 

m 0 


2 P 2 / 2 

3 W\E~ n 


Eg + A SO 


(14) 


where P = 9.63 eV-A is the parameter of the extended Kane model, obtained for InSb from 
the 40-band tight-binding model by Jancu et al. 40 For the parabolic approximation of the 
dispersion relation, the second order perturbation theory leads to the energy-independent 
expression for the effective Lande factor, 39,41-43 


9 =9 


1+1 


_ mo\ 


A 


so 


(15) 


m*) 3E g + 2 A so- 

which depends on the band gap and the spin-orbital splitting. The symbols g and mo denote 
the Lande factor and the rest mass of the free electron in vacuum, respectively. In the 
present paper, the parabolic dispersion relation is assumed since we consider transport only 
through the lowest transverse state (Eq < 150 mV). This means that even for the relatively 
strong magnetic field used in our calculations (up to 8 T) we have \g* hbB\ < 25 meV, and 
the energies of the electrons are within the range which can be well approximated by the 
parabolic relation. 44,45 

For the nanostructures, Eq. (15) requires some modification to be consistent with for¬ 
mula (8). This problem has been addressed in Ref. 46, where the authors presented the 
procedure of including the quantum size effect. In line with their work, we modify the 
formula for the effective Lande factor of the nanowire as follows: 

A so 


g*(B;z) = g 


1+1 


m 0 \ 


(16) 


m*J 3[E g + E^(B;z)} +2A SO - 
The term E g + Eq(B;z), with the lowest transverse-state energy level Eq(B;z), can be 
understood as the magnetic-field and position-dependent band gap in the nanowire, +” ano , 
because it depends on both the geometric parameters of the considered nanosystem and 
the magnetic field. The effective Lande factor calculated from formula (16) is presented 
in Fig. 2 for the following parameters of InSb: E g = 0.235 eV, A so — 0.81 eV. The 
results exhibit interesting features that seem to be important for the <?*-factor engineering, 




FIG. 2. Effective Lande factor g* as a function of the nanowire radius r. in the presence of the 
magnetic field B = 0, 3 T, and 6 T. Insets show g* as a function of the magnetic field B calculated 
for the nanowire with radius r equal to 10 nm, 15 nrn, and 20 nm. 


namely, in all the cases the effective Lande factor decreases with the increasing nanowire 
radius, and the limiting values of g* obtained for large radius r approach the bulk values of 
the Lande factor for InSb. The dependence of the electron Lande factor on the magnetic 
field is shown in the inset of Fig. 2 for the center of the constriction (where the nanowire 
radius is r = r c = 10 nm), and in the right inset of Fig. 2 for the region outside the 
constriction (i.e., for r — Tq — 20 nm). The magnetic-field effect on the effective Lande 
factor is more pronounced outside the constriction, and in general for the nanowires with 
larger diameters. For a given radius, the electron Lande factor which corresponds to the 
lowest-energy transverse mode only weakly depends on the magnetic field B. This means 
that its value is determined mainly by the geometric parameters of the constriction, whereas 
the magnetic field can be regarded as a weak perturbation. The diameter-dependence of the 
electron Lande factor affects the spin Zeeman splitting, making it a non-linear function of 
the magnetic field due to the presence of the constriction. Those properties are consistent 
with the basic properties of the electron Lande factor which were determined within a more 
advanced model based on the Ogg-McCombe effective Hamiltonian that includes the non- 
parabolicity and anisotropy effects. 47 

The longitudinal part <)> an (z) of the spinor component ipa^x, y, z) satisfies the inhomoge- 
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The matrix elements A nn /(z) represent the coupling between the transverse modes. Since in 
the present calculations we assume that only the lowest-energy transverse state is occupied, 
we can put the right-hand side of Eq. (17) equal to zero, and solve it only for n — 0 to find 
the transmission coefficient T a (E] B). 

The magnetotransport properties of the considered nanosystem can be quantitatively 
characterized by the magnetoresistance (MR), which is defined as the ratio of the resistance 
change due to the magnetic field, R(B) — i?(0), to the resistance measured in zero magnetic 


field, -R(O), i.e., 


MR(B) = 


R(B) - R( 0) 


The resistance R of the nanowire is calculated as the inverse of its conductance G, which 


is given by the sum of two spin-dependent contributions, G = G- j- + G±. This is a direct 
consequence of the Mott two-current model 48 which is applied here. In turn, the conductance 
is calculated as the ratio of the spin-dependent electric current I a (B) to the voltage V applied 
between the ends of the nanowire, i.e., G a (B) = I a (B)/V. In general, the spin-dependent 
current can be calculated from the formula 49,50 


e f°° 

I*(B) = Ti J dE T a (E ; B)[f s {E- fi s ) - f D (E ; /i D )], (19) 

where T a (E]B) is the spin-dependent transmission coefficient, and fs(D)(E] l^s(D)) is the 
Fcrmi-Dirac distribution function for the electrons in the source S (drain D) with the elec¬ 
trochemical potential fis(D)- The electrochemical potentials are given by /is = Ep and 
li£, = Ep — eV, where the Fermi energy Ep is assumed to be the same for the source and 
the drain. In the case of low temperature and low voltage, the conductance takes on the 
simple form: 

G a (B) = e -T a (Ep-,B). (20) 

Finally, the total resistance of the nanowire in the presence of the magnetic field within the 
two-current model is given by 


where /? m) 


B total( B ) 


gtCglMg) 

R, (B) + R l (B)' 


( 21 ) 


l/GW Using Eqs. (18) and (21), we determine the AIR of the nanowire. 
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III. RESULTS AND DISCUSSION 


We have applied the methods presented in the previous section to determine the spin- 
dependent magnetotransport in the InSb nanowire with the geometric constriction in the 
limit of the low electric held and the low temperature. This means that we assume the 
coherence of the electronic transport within the linear response theory, which is sufficient 
for the theoretical description of the majority of transport experiments in the semiconductor 
nanowires in terms of the conductance. 

The constriction in the nanowire creates an effective potential barrier . 31 The additional 
effect due to the magnetic held is associated with the elimination of the spin degeneracy of 
the longitudinal electron states due to the spin Zeeman effect. It implies that the effective 
shape of the potential barrier created by the constriction depends on the electron spin state. 
In the InSb nanowire, the potential barrier for the electrons with spin up (j') is lower than 
for the electrons with spin down (j,). Therefore, the transmission coefficients Tf and Tj, 
are different, and the corresponding spin-dependent conductances also differ, which can be 
easily demonstrated using the concept of the spin conductance defined as: 

A G(B) = G t (B) - C n (B) . (22) 

Let us first investigate the influence of the constriction radius on the spin conductance in 
the presence of the magnetic held for the fixed radius of the nanowire (ro = 20 nm) and for 
the Fermi energy Ep = 50 meV. In this case, the coherent propagation of electrons is limited 
to only one transport channel, labeled by n = 0 in Fig. 1(b). The results presented in Fig. 3 
indicate that the spin conductance AG is nearly zero in the two ranges of the constriction 
radius, in which the spin-dependent conductances in both the spin channels are almost the 
same: (i) in the region of the small constriction radius (r c < 14 nm) = G± = 0, (ii) for 
r c near 20 nm G^ = G± = 1. The non-zero values of the spin conductance correspond 
to Gy- 7 ^ Gy In this case G^ is nearly constant, while Gj, decreases as the magnetic held 
increases. This is a consequence of the increasing role of the spin Zeeman effect for the 
higher magnetic fields. 

The above observation allows us to propose a possible application of the InSb nanowire 
with the constriction in spintronics. It can operate as a spin filter 51 ’ 52 in which the spin 
filtering operation results from the joint effect of the constriction and spin Zeeman effect 
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B [T] 

FIG. 3. Spin conductance AG as a function of the constriction radius r c and the magnetic field B 
for the Fermi energy Ep = 50 meV. 


controlled by the magnetic field. This operation is similar to the operation of the quantum 
point contacts. 53,54 

The results of the calculations of MR based on Eqs. (18) and (21) are presented in Fig. 4. 
They show that the sign of MR depends on the radius of the constriction, r c , and that - for 
each B - the change of sign of MR takes place in a very narrow range, around r c ~ 16.8 mu . 
If the radius of the constriction decreases starting from r c = 20 nm, which corresponds 
to a nanowire without constriction, the MR gradually increases, and its sign is positive 
[cf.Fig. 4(b)]. The rate of change of the MR as a function of the applied magnetic field, and 
its maximum value together with the position of this maximum depend on the magnetic 
held. If the magnetic held reaches the value of 4 T, the MR is close to one, with maximum 
at r c 18.5 nm. At lower magnetic helds the maxima of MR are lower, and their position is 
shifted towards the smaller values of r c . A further reduction of the constriction radius leads 
to the fairly rapid decrease of MR, which becomes negative for r c < 16.8 nm. For r c < 15 nm, 
the negative MR saturates at some constant level, which is magnetic-field dependent, e.g., 
the minimum of about —0.9 is reached for B = 4 T. Noteworthy, the MR calculated for 
spinless electrons is always non-negative [cf. dashed lines in Fig. 4(b)]. On the other hand, 
using suitably chosen constant value of the effective Lande factor allowed us to reproduce 
the change of the MR sign in the case of the geometric and material parameters used in the 
present calculations, and for the transport only via the lowest transverse state, but at the 
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(a) 20 



B [T] 



FIG. 4. Magnetoresistance as a function of: (a) radius r c of the constriction and magnetic field B, 
(b) radius r c of the constriction (cross sections of (a) at different B ; dashed lines correspond to the 
results obtained when spin of the electrons is neglected). 


cost of underestimated positive MR values obtained from such simplified approach. 

The physical interpretation of the positive/negative magnetoresistance transition (Fig. 4) 
can be given based on the results presented in Fig. 5. As mentioned above, the constriction 
in the nanowire creates the effective potential barrier for the conduction electrons, which 
strongly affects the transport of the electrons through the nanowire by changing the trans¬ 
mission coefficient. The height of this barrier at the center of the constriction, i.e., at z = Zo, 
is given by U a (B) = E^(B-,z 0 ) ± g*(B] z q )h q B (insets in Fig. 5). 

For B — 0 the barrier height and the transmission coefficient are independent of the 
electron spin state; therefore, the only effect of the decreasing constriction radius is the 
increase of the potential barrier height, which causes that the transmission coefficient is 
reduced and the resistance increases. For B > 0 the spin degeneracy is lifted and the 
potential barrier height U a (B) increases (decreases) with increasing B for spin down (spin 
up) electrons (cf. insets of Fig. 5). 

Let us consider the effect of the narrowing of the constriction on the magnetoresistance. 
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(a) r c =16.0nm (b) r c =16.8nm (c) r c =18.0nm 



FIG. 5. Spin-up (R^, red curves), spin-down (R±, blue curves) and total (-hqotab dashed lines) 
resistances of the nanowires for three different constriction radii r c : (a) 16 nm, (b) 16.8 nrn, 
(c) 18 nm. Insets show the effective heights of barriers at the centers of constrictions, i.e., U a = 
Eq(B] zq) ± g*(B ; zo)fiBB, and Ep is the Fermi energy. 


For the constriction radii from the interval 17 nm < r c < 20 nm and for either spin, 
U a (B = 0) < E F . The spin-up barrier height U^(B) decreases with increasing B [Fig. 5(c)], 
which causes that the transmission probability for the spin-up electrons is close to 1 and 
becomes independent of B. As a result, resistance R^ is constant [cf. Fig. 5(c)]. On the 
other hand, potential barrier height U± increases with B , which reduces the transmission 
probability for the spin-down electrons and enlarges R±. As a consequence, the total resis¬ 
tance increases with the increasing magnetic field [cf. Fig. 5(c)], which leads to the positive 
magnetoresistance for r c > 17 nm. 

For r c = 16.8 nm [Fig. 5(b)], U a (B = 0) = Ep. If the magnetic field increases, U^(B) and 
U±(B) change at approximately the same rates (but with the opposite slopes). Therefore, 
the growth of is compensated by the drop of R -p As a result, the total resistance is 
nearly constant as a function of the magnetic field and the magnetoresistance tends to zero. 
The positive/negative magnetoresistance transition occurs in the very narrow interval of the 
constriction radii around r c = 16.8 nm and is almost independent of the magnetic field [cf. 
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Fig. 4(b)]. This feature results from the weak dependence of the total resistance on the 
magnetic field [Fig. 5(b)]. 

For r c < 16.8 nm, U a (B = 0) > Ep and U a (B) increases (decreases) with increasing B for 
spin-down (spin-up) electrons [Fig. 5(a)], which leads to the increase of Ri(B) and decrease 
of R-i(B). Since the Ri(B) is large for B > 0, according to Eq. (21), it does not affect the 
total resistance considerably. Then, the change of the total resistance is determined mainly 
by and decreases with increasing B. Therefore, the magnetoresitance is negative for the 
sufficiently narrow constriction [Fig. 4(b)]. 


IV. CONCLUDING REMARKS 

We have studied the spin-dependent magnetotransport of the semiconductor cylindrical 
nanowires with the geometric constriction in the presence of the magnetic field applied par¬ 
allel to the nanowire axis. The results have been obtained within the three-dimensional 
model of the nanowire using the adiabatic approximation, with the transverse states cal¬ 
culated by the variational method. The associated ^-dependent transverse-state energies 
create the effective-potential barriers and modify the Lande factor, making it the position- 
and the magnetic-field dependent quantity. The effective g-factor is a monotonically de¬ 
creasing function of the nanowire radius, and the effect of the magnetic field on the effective 
g-faetor is negligibly small in the constriction region for the lowest-energy transverse mode. 
Using the two-current Mott model, we have investigated the influence of the constriction 
radius and the magnetic field on the spin conductance in the coherent regime of the trans¬ 
port. We have shown that the sign of magnetoresistance can be reverted by changing the 
radius of the constriction, which strongly affects the transverse states. On the contrary, the 
increase of the magnetic field while the radius of the constriction is kept constant leads to 
the increase of the magnetoresistance but does not change its sign. We have explained the 
positive/negative magnetoresistance transition as a combined result of the squeezing of the 
tranverse electron states in the region of the constriction and the spin Zeeman splitting. 

Finally, we want to point out that the geometric inhomogeneity, which is represented in 
our calculations by the single constriction, can be used as a model of either an intentionally 
fabricated change of the nanowire radius, or a ring-shaped gate. The present results indicate 
that the InSb nanowire with the constriction can operate as a spintronic nanodevice in the 
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coherent regime of the electronic transport, e.g., the intentionally introduced constriction 
can serve as a tunnel junction enhancing the spin polarization of the current flowing through 
the nanowire. 55 The anomalous properties of the magnetoresistance, demonstrated in the 
present paper, can be applied in spintronics, e.g., for modifying the resistance of the spin 
current, or in sensor technology, e.g., for detecting the inhomogeneity of the nanowire and 
estimating its size. 
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